1. Introduction {#sec1}
===============

Nanomaterials containing metallic elements are one important category of heterogeneous catalysts.^[@ref1]−[@ref3]^ Substantial research efforts have been given aiming to explore their applications in many fields including energy storage and conversion, chemical synthesis, environmental remediation, molecular sensing, and therapy.^[@ref4]−[@ref6]^ Following the fast advancements of nanotechnology, a variety of reaction systems with precious and earth-abundant metals have been developed to promote the activity of catalytic sites for desired reactions.^[@ref7]−[@ref9]^ Due to the great progress in chemical synthesis and characterization, many catalysts have been constructed via precise control of their architecture and composition. All of these achievements offer enormous opportunities to optimize elegant catalysts with high activity, selectivity, and stability.^[@ref10],[@ref11]^ A high surface area to volume ratio is an essential parameter for heterogeneous catalysts, as surface atoms are most likely to be involved in a particular reaction.^[@ref12],[@ref13]^ Hence, a higher atomic utilization efficiency could be achieved in the heterogeneous catalysis process based on smaller catalysts.^[@ref14],[@ref15]^ On the other hand, the atom utilization efficiency in homogeneous catalysts can reach nearly 100%. This value should be orders of magnitude higher than that of heterogeneous catalysts. The size of the catalyst not only has an impact on the intrinsic activity but also has a significant effect on the selectivity.^[@ref16],[@ref17]^ Heterogeneous catalysts are usually organized by the majority of nonuniform aggregates and certain unsaturated atoms at edges, steps, and corners.^[@ref18],[@ref19]^ These characteristics imply that nanoparticle-based catalysts with irregular morphologies, different particle sizes, and nonuniform distribution can always produce multiple active sites that affect the selectivity of the particular reaction.^[@ref20]−[@ref24]^

The size reduction of the heterogeneous catalyst from metal nanoparticles to isolated metal atoms may solve the above-mentioned problems by unifying the chemical environments of active sites.^[@ref25]−[@ref27]^ Single-atom catalysts (SACs) with dispersed reactive centers over solid supports are emerging as multifunctional materials for various reaction processes with unique catalytic properties.^[@ref28],[@ref29]^ It has been clear that the isolated metal sites are stabilized by ionic interactions or covalent coordination with surrounding atoms.^[@ref30]^ Similar to molecularly defined organometallic complexes, the electronic properties and catalytic performance of SACs strongly depend on the interaction between the reactive centers and the neighboring atoms.^[@ref16],[@ref31]^ Atomically dispersed active centers can realize the maximum atomic utilization, representing an ideal strategy for developing cost-effective catalysts, especially meaningful for the utilization of precious metals such as Pd, Au, Ir, and Pt.^[@ref32]−[@ref35]^ Moreover, the homogeneity of single-atom sites is in favor of the precise identification and characterization of active sites.^[@ref36],[@ref37]^ The obtained results facilitate our comprehension of the underlying reaction mechanism and help us realize the rational design of catalysts toward targeted reactions at the atomic scale.

In this Outlook, we cover the impressive progress made recently in the research area of SACs and related applications. First, the unique characteristics and the recent progress of SACs are highlighted. Subsequently, the promises of SACs in biomedicine applications, environmental protection, and energy conversion are reviewed in more detail, with a focus on the characterizations of the electronic structure and the exploration of the structure--activity relationship at the atomic scale. Finally, we discuss some major opportunities and challenges for SAC-based technologies. It is hoped that this review would offer some new perspective on the engineering and understanding of SACs and further advance the development of this newly emerged important research area.

2. SACs: Emerging Fields Bridging Nanotechnology and Biomedicine {#sec2}
================================================================

In 2011, Zhang and colleagues reported a catalyst with extremely high atomic utilization efficiency which was formed by dispersing isolated Pt atoms on FeO~*x*~ (Pt~1~/FeO~*x*~) for the oxidation of CO, and they also proposed the concept of SACs.^[@ref38]^ Interestingly, many scientists had in fact investigated single-atom decorated materials before the introduction of the SAC concept. In 1925, Taylor declared that there must be some isolated active centers on the surface of a heterogeneous catalyst.^[@ref39]^ Subsequently, scientists emphasized the role of isolated centers to the chemisorption of olefins on metal substrates.^[@ref40]^ Indeed, these early studies have witnessed the evolution and progress for the comprehension of the isolated sites and also provided us some inspirations in future research along this direction.

Nowadays, single-atom catalysis is arguably one of the most active research areas in the catalytic community. Significant advances have been achieved in the synthesis, characterization, and theoretical modeling of SACs for many types of catalytic reactions in nanotechnology ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).^[@ref41]−[@ref44]^ Due to the favorable characteristics, including the unsaturated coordination of metal centers and the quantum confinement effect, SACs manifest a unique advantage in maximizing activity and boosting selectivity. SACs always manifest heterogeneous characteristics such as excellent stability, easy separation, and good reusability, which are beneficial for achieving the recycling goal.^[@ref45]^ Besides, the homogeneously dispersed active sites in SACs facilitate the accurate discernment and characterization of catalytic centers, which sheds light on the reaction mechanisms toward particular catalytic reactions and offers in-depth insights into designing desirable SACs at the atomic level.^[@ref41],[@ref46],[@ref47]^ More interestingly, in view of the high similarity between the structures of SACs and bioenzymes, it has been suggested that SACs can be applied as bioinspired single-atom nanozymes (SAzymes) for mimicking the natural biocatalytic systems ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). These intrinsic physiochemical and catalytic features of SACs might be considered as the optimized integration of enzyme, homogeneous, and heterogeneous catalysts, enabling SACs as the intriguing candidates for high-efficiency catalysts bridging nanotechnology and biomedicine.

![Applications of SACs and SAzymes; some characteristics of heterogeneous and homogeneous catalysts and enzymes are also listed.](oc0c00512_0001){#fig1}

![(a) Basic structure of natural enzyme, dopamine β-hydroxylase. Used with permission from ref ([@ref46]). Copyright 2016 American Chemical Society. (b) Architecture of graphene-supported SACs. Used with permission from ref ([@ref30]). Copyright 2019 American Chemical Society.](oc0c00512_0002){#fig2}

3. Biomedical Application {#sec3}
=========================

For biomedicine applications, the catalytic performance is also an essential factor which needs to be urgently optimized.^[@ref48]^ It is hypothesized that SACs can perform as bioinspired SAzymes to realize the catalytic performance of natural enzymes. In addition, a homogeneous dispersion of active centers in SAzymes is in favor of the exploration of the structural properties of nanozymes. The summarized structural features and related catalytic performance of SAzymes make them elegant paradigms in boosting beneficial catalytic performance for desirable biomedical applications.^[@ref49]^ Although impressive advances have been realized in the past several years, the exploration of SAzyme-enabled catalysis is still in an early stage.

3.1. Biosensing {#sec3.1}
---------------

Detection of the H~2~O~2~ released from live cells is of vital importance in the controlling of multiple biological processes and, thus, has received tremendous attention.^[@ref50],[@ref51]^ Huang et al. have synthesized the Fe--N--C SAzymes via high-temperature calcination for biosensing ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a).^[@ref52]^ The singly dispersed Fe--N centers in Fe--N--C SAzymes are similar to natural horseradish peroxidase, which is able to specifically boost the peroxidase-like activity instead of oxidase-like activity ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b). The obtained Fe--N--C SAzymes exhibit impressive specificity and sensitivity for colorimetric *in vitro* biosensing of H~2~O~2~. The authors have also performed *in situ* sensing of H~2~O~2~ released by the HeLa cells. This might amplify the applications of SAzymes in intracellular sensing ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c--g).

![(a) Schematic formation process of carbon nanoframe-supported Fe--N--C SAzymes. (b) Illustration of oxidase-like characteristics of Fe--N--C SAzymes-catalyzed 3,3′,5,5′-tetramethylbenzidine (TMB) oxidation. (c) Ultraviolet--visible (UV--vis) absorption spectra of Fe--N--C SAzyme under different conditions. (d) Durability of Fe--N--C SAzymes treated in acidic and alkaline conditions. (e) Time-dependent absorbance of different catalysts. Histogram of the initial reaction rate (*V*~0~) (f) and typical Michaelis--Menten curves (g) for different SAzymes. Used with permission from ref ([@ref52]). Copyright 2019 American Chemical Society. (h) Schematic illustration of the Cu SAzymes for acetylcholinesterase detection. (i) UV--vis absorption spectra of the Cu SAzymes under different conditions. (j) Relative activity of Cu--N--C after being treated with acid/alkali for 21 h. Used with permission from ref ([@ref53]). Copyright 2020 American Chemical Society.](oc0c00512_0003){#fig3}

As an important neurotransmitter in the body, acetylcholine has also been investigated and sensed by the recently reported Cu SAzymes (Cu--N--C).^[@ref53]^ The Cu SAzymes with highly dispersed Cu sites display remarkable activity for mimicking the natural peroxidase. The authors have demonstrated that the Cu SAzymes exhibit satisfactory and specific peroxidase-like activity ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}h--j). Acetylcholinesterase, choline oxidase, and Cu--N--C SAzymes with specific peroxidase-like nanozyme activity are combined for constructing the cascade reaction system, which can well trace the amounts of acetylcholine.

Besides the catalytic activity, catalytic selectivity and sensitivity are also necessary enzymatic properties for many successful applications.^[@ref54],[@ref55]^ Lee and colleagues demonstrated that the Fe--N~4~ decorated reduced graphene oxide (Fe--N--rGO) can selectively increase the peroxidase-like activity but not the other enzyme-like activity unlike other peroxidase-mimicking nanozymes.^[@ref54]^ Experimental results also confirm that Fe--N--rGO can be used as a sensitive colorimetric probe for extracellular H~2~O~2~ detection, which might be further utilized for other biological and biomedical applications. Density-functional theory (DFT) calculations confirmed that Fe--N--rGO possesses the lowest reaction barrier for H~2~O~2~ formation among the rGO-based nanozymes, thus leading to high selectivity and sensitivity for H~2~O~2~ detection.

3.2. Biotherapy {#sec3.2}
---------------

Due to the abundant active sites and high atomic utilization, SAzymes have become increasingly popular and powerful for biotherapy. For the tumor therapy, there is always an altered mitochondrial redox state in cancer cells, typically characterized by high levels of antioxidants and reactive oxygen species (ROS).^[@ref56]−[@ref58]^ The core of ROS-based tumor therapy is the oxidation of intracellular biomolecules by ROS. However, current therapeutic modalities fail to catalyze both H~2~O~2~ and O~2~ concurrently for the ROS generations, which may lead to an unsatisfactory treatment effect. A safe and versatile self-assembled photodynamic therapy has been developed based on the application of Ru SAzymes. The Ru sites anchored on the metal--organic framework (MOF) named Mn~3~\[Co(CN)~6~\]~2~ function as a catalase-like nanozyme for the generation of oxygen ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}).^[@ref57]^ Experimental results demonstrate that the Ru SAzymes are capable of relieving the hypoxia condition of solid tumors by degrading intracellular H~2~O~2~ and O~2~, thus resulting in improved ROS generation and finally killing apoptotic cells. Apparent tumor growth inhibition is confirmed by *in vivo* photodynamic therapy under laser irradiation. All these results suggest that the Ru SAzymes could be a potential anticancer theranostic agent.

![(a) Schematic illustration of the basic structure of Ru SAzymes. (b) Partial molecular structure of Ru SAzymes. (c) Multicomponent coordination interactions within the SAzymes. (d) Scheme of continuous catalytic oxygen generation and ROS production for enhanced cancer treatment by Ru SAzymes. Used with permission from ref ([@ref57]). Copyright 2020 Nature Publishing Group.](oc0c00512_0004){#fig4}

Apart from tumor therapy, SAzymes also possess considerable potential as antibacterials.^[@ref59]^ MOF-derived Zn SAzymes with atomically distributed zinc sites have been reported recently.^[@ref60]^ The zinc-centered porphyrin-like structure can serve as a reactive center with impressive peroxidase-like activity. Experimental results confirm that the Zn SAzymes can inhibit the growth of *Pseudomonas aeruginosa* by up to 99.87% and thus significantly accelerate wound healing. The structural evolution of the Zn SAzymes is systematically investigated to explain the structure--activity relationship. The authors attribute the high peroxidase-like activity of Zn SAzymes to the unsaturated coordination of Zn--N~4~ sites, which could effectively decompose the H~2~O~2~, in favor of the formation of hydroxyl radicals (·OH) for killing the bacteria.

Although SAzymes always exhibit an impressive performance in the biological applications, there is still an underlying obstacle to be mentioned, that is, the biocompatibility of SAzymes. As the isolated active centers have to be decorated onto the support with a relatively large size, some SACs tend to be removed by the immune system, thus impeding the *in vivo* efficiency. Clearly, more efforts should be directed to regulating the size and modifying the functional groups for achieving beneficial biomedical applications with excellent biocompatibilities.

4. Environmental Protection {#sec4}
===========================

4.1. CO~2~ Fixation {#sec4.1}
-------------------

The increased atmospheric CO~2~ level results in serious environmental issues including global warming and ocean acidification.^[@ref61]−[@ref65]^ Transforming CO~2~ into environmentally friendly substances or value-added chemicals is an elegant strategy for addressing the above-mentioned issues and has received substantial attention. In view of the attractive characteristics of SACs, the application of SACs in CO~2~ fixation has been explored in different directions.

Photocatalytic CO~2~ reduction represents a solar-to-chemical energy conversion route via mimicking the natural photosynthetic process. Zhang et al. have realized the decoration of the isolated Co atoms into the porphyrin units of an extended MOF (MOF-525-Co) for photocatalytic CO~2~ reduction. X-ray absorption fine structure (XAFS) spectroscopy investigation confirms that the isolated Co centers are in an unsaturated configuration ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a--c).^[@ref66]^ The newly developed Co SACs can selectively capture and photoreduce CO~2~ molecules. The energy transfer route in the CO~2~ reduction process has been well monitored. The obtained results confirm that the photogenerated electrons can be directionally delivered to the Co reactive centers from the porphyrin units. The evolution of CO is dramatically improved after incorporating the isolated Co active sites.

![(a) Structure of MOF-525-Co and incorporated Co sites. (b) Wavelet transform for the X-ray absorption signal of MOF-525-Co. (c) Time-dependent CO evolution over MOF-525-Co (green), MOF-525-Zn (orange), MOF-525 (purple) photocatalysts, and pure organic ligand (pink). Used with permission from ref ([@ref62]). Copyright 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (d) Aberration-corrected HAADF-STEM image. Scale bar represents 2 nm. (e) Faraday efficiencies of H~2~ and CO. Polarization curves (f) and TOF (g) of Ni-NCB in an H-cell test. (h) Photographs of assembled reactor, membrane electrode assembly, and individual cell components. Used with permission from ref ([@ref27]). Copyright 2019 Elsevier B.V. (i) Schematic description for the application of Pt SACs for C--F bond activation. (j) Comparison of the mechanisms of a Pt nanoparticle catalyst and a single-atom Pt catalyst. Pt is shown in blue. Used with permission from ref ([@ref74]). Copyright 2019 American Chemical Society.](oc0c00512_0005){#fig5}

Nevertheless, the charge separation and energy transfer efficiencies of photocatalysis are still relatively low and thus limit the practical applications. In contrast, photothermal catalysis shows an unprecedented capability for transducing visible and even near-infrared light into heat at the designed locations, and its reduction efficiency is also much higher than that of photocatalysis. Li et al. have reported the utilization of isolated Ni atoms decorated Y~2~O~3~ nanosheets (SA Ni/Y~2~O~3~) for photothermal CO~2~ reduction.^[@ref67]^ The temperature of the reaction system can reach 288 °C under light irradiation. The SA Ni/Y~2~O~3~ can initiate the CO~2~ methanation reaction at 180 °C and deliver 87% CO~2~ conversion at 240 °C. The authors believe that the decoration of the isolated Ni atoms can effectively lower the initial reaction temperature and boost the catalytic activity.

Electrochemical CO~2~ reduction under ambient conditions using renewable electric energy is also one attractive solution to alleviate the greenhouse gas effects and related environmental issues.^[@ref68]−[@ref70]^ Zheng et al. have applied the isolated Ni atoms decorated commercial carbon black (Ni-NCB) for electrocatalytic CO~2~ reduction in a gas-phase reactor ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d--h).^[@ref31]^ Experimental investigations confirm that the isolated Ni sites deliver an impressive performance in reducing CO~2~ to CO. The selectivity for CO is as high as 99%, even at the current densities above 100 mA cm^--2^. Importantly, a 10 × 10 cm^2^ modular cell has been fabricated by the authors. The CO evolution rate is confirmed as 3.34 L h^--1^ per unit cell when the overall current in one unit cell reaches 8 A.

4.2. Pollutant Degradation {#sec4.2}
--------------------------

Degrading the pollutants via photocatalysis is an effective approach to solve serious pollution issues, which has attracted increasing research attention.^[@ref71]^ Developing highly efficient photocatalysts is crucial for dealing with the pollution problems. Hexavalent chromium (Cr(VI)), released from some industrial processes, is a typical heavy metal ion pollutant in water. Shi and colleagues have reported the isolated Fe atoms decorated MOF and applied the as-synthesized hybrid for photocatalytic reduction of Cr(VI). The Fe--O coordination in the MOF can function as the active center and thus photoreduce the Cr(VI) to trivalent chromium (Cr(III)).

Besides, SACs have also been applied for photocatalytic degradation of organic pollutants.^[@ref72]^ An et al. have decorated isolated Fe sites into the g-C~3~N~4~ matrix via the pyrolysis of melamine with Fe--N-containing precursors.^[@ref73]^ The isolated Fe--N~*x*~ centers can quickly activate H~2~O~2~ to release ·OH radicals and, thus, realize the degradation of various typical organics in the photo-Fenton reaction, including Rhodamine B, Methyl blue, Methyl orange, and phenol. The authors believe that the isolated Fe sites play a major role in organic pollutant degradation in wastewater.

To explore the use of SACs in pollutant degradation, Kim and colleagues have applied the Pt-based SACs for the challenging C--F bond activation in environmental remediation of recalcitrant fluorinated hydrocarbons ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}i,j).^[@ref74]^ By applying a facile wet-chemical approach, the loading amount of Pt on SiC substrate (Pt/SiC) can reach 1.6 wt %. The developed catalyst displays impressive catalytic performance toward hydrodefluorination of perfluorooctanoic acid. The authors believe that the hydrogen molecule can be split at the isolated Pt sites on the SiC surface, and the Si--H bonds can thus be formed to attack the C--F bonds, resulting in hydrodefluorination.

5. Energy Conversion {#sec5}
====================

Due to fossil fuel exhaustion and consequent environmental issues, developing an alternative energy conversion approach for replacing traditional energy sources with renewable and secure energy is highly demanded.^[@ref54],[@ref75]−[@ref78]^ SACs are capable of catalyzing a series of photochemical and electrochemical processes. Among these processes, many reactions address the urgent energy issues, such as the oxygen evolution reaction (OER), oxygen reduction reaction (ORR), and hydrogen evolution reaction (HER) for hydrogen generation and fuel cells. Herein, the applications of SACs in the energy conversion are briefly discussed.

5.1. HER {#sec5.1}
--------

H~2~ is one promising clean energy fuel for replacing the quickly depleting fossil fuels.^[@ref79]−[@ref81]^ H~2~ evolution via the catalytic decomposition of hydrogen-rich materials represents an efficient, economic, and convenient approach for utilizing hydrogen energy in practice. Ammonia borane, formic acid, hydrous hydrazine, and methanol are typical hydrogen-rich materials. Hence, developing highly efficient catalysts for H~2~ evolution is of great importance for the hydrogen economy.^[@ref82]^ Recently, SACs have displayed impressive performance for catalyzing the decomposition of formic acid and ammonia-borane. For example, Li et al. have dehydrogenated ammonia-borane by using atomically dispersed Pt on the surface of Ni particles.^[@ref83]^ Specifically, compared with the pristine catalyst, the decoration of isolated Pt sites results in about a 3-fold improvement in terms of activity. The turnover frequency (TOF) for the isolated Pt is confirmed as 12 000 mol~H~2~~ mol~Pt~^--1^ min^--1^, much higher than that of other Pt-based catalysts.

Han et al. have realized Pt single-atom modified Te nanowires (Pt/Te) engaged hydrogen evolution from the plasmon-enhanced formic acid decomposition.^[@ref84]^ The Pt/Te exhibits an impressive catalytic performance for hydrogen evolution: a nearly 100% selectivity for H~2~ and rather high TOF of 3070 h^--1^. The authors mention that the result is much higher than that of commercial Pt/C and Pt nanocrystals decorated Te nanowires. Mechanistic investigation verifies that the whole catalytic process is driven by the plasmonic hot-electron effect instead of photothermal effect. The generated hot electrons from the Te atoms can be directly injected into the reactants adsorbed on the isolated Pt active centers, resulting in the activation of the reactants thus accelerating the reaction.

Evolution of H~2~ from the water splitting via the photochemical and electrochemical technologies is another promising approach.^[@ref85],[@ref86]^ Pt-based catalysts/cocatalysts are known to be the most effective materials for the HER. Developing atomically distributed Pt atoms is essential to construct cost-effective and highly efficient water-splitting systems. Zhang et al. have presented a novel strategy to stabilize singly dispersed Pt atoms into the porous carbon matrix (Pt\@PCM) for the electrocatalytic HER ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a--d).^[@ref87]^ The Pt\@PCM catalyst delivers an impressive mass activity, which is 25 times higher than that of the commercial 20 wt % Pt/C. XAFS analyses confirm that the Pt centers are isolated and coordinated by surrounding carbon and nitrogen atoms. DFT calculations verify that the coordinated carbon and nitrogen atoms can be activated by efficient intramolecular electronic coupling.

![(a) Schematic description for the construction of Pt\@PCM. (b) Polarization curves of various catalysts in 0.5 M H~2~SO~4~. (c) Calculated distribution of charge density of Pt\@PCM. (d) The isolated Pt centers can activate the coordinated atoms. Used with permission from ref ([@ref87]). Copyright 2018 American Chemical Society. (e) Schematic description for the application of SACs for photocatalytic hydrogen evolution. (f) HAADF-STEM image of Pt-CN. (g) Photocatalytic activity comparison of g-C~3~N~4~ with various Pt contents normalized to per Pt atom. Used with permission from ref ([@ref90]). Copyright 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (h) HAADF-STEM image of HCM\@Ni--N. (i) Calculated distribution of charge density for HCM\@Ni--N. (j) Schematic band diagrams. Polarization curves (k) and the related Tafel plots (l) of the electrocatalysts. Used with permission from ref ([@ref94]). Copyright 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.](oc0c00512_0006){#fig6}

Photocatalytic hydrogen evolution is also an elegant approach to realize renewable energy sources with zero-pollution emissions.^[@ref88],[@ref89]^ As an example, Li et al. have developed isolated Pt atoms as a cocatalyst by decorating them in porous g-C~3~N~4~ ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}e--g).^[@ref90]^ The high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) image confirms that the isolated Pt atoms are homogeneously dispersed on the support of g-C~3~N~4~. The decorated Pt atoms in g-C~3~N~4~ can effectively modulate the electronic structure and the surface trap states, resulting in a longer lifetime of photogenerated electrons. The isolated Pt atoms significantly boost the H~2~ evolution rate, nearly 50 times higher than that of bare g-C~3~N~4~. Its mass activity is raised to 8.6 times when compared with the Pt nanoparticles.

5.2. OER {#sec5.2}
--------

The OER is a 4-electron driven reaction process and thus consumes more energy to step over the barriers during the reaction.^[@ref91],[@ref92]^ Recently, SACs have been widely studied for the OER. According to the volcano plot of the binding energy of oxygen intermediates, oxides based on Ru and Ir should be the benchmark OER electrocatalysts with appreciable activity. However, the OER stabilities of RuO~2~ and IrO~2~ electrocatalysts in acidic media are relatively low due to the surface decomposition of RuO~2~/IrO~2~ during the OER process. Regarding this, decorating isolated Ru/Ir atoms into acid-resistant supports is an effective approach to improve the stability as well as boost catalytic activity. Cao et al. have embedded singly dispersed Ru centers into the nitrogen--carbon support (Ru--N--C) as a durable and efficient OER electrocatalyst under acidic conditions.^[@ref93]^ Unambiguous identification of the porphyrin-like Ru~1~--N~4~ structural configuration is realized by the XAFS analyses. Interestingly, the *in situ* XAFS spectroscopy investigation indicates the adsorption of oxygen over the isolated Ru sites in the form of O--Ru~1~--N~4~ during the reaction process. DFT calculations confirm that such an O--Ru~1~--N~4~ configuration represents the optimized binding mode of oxygenated intermediates and, thus, facilitates the OER process. The Ru--N--C SACs exhibit an impressive mass activity (3571 A g~metal~^--1^) and TOF (3348 O~2~ h^--1^). It can reach the current density of 10 mA cm^--2^ at a low overpotential of 267 mV. Besides, the stability of the catalyst is also greatly improved. No obvious deactivation has been observed after a 30 h operation in acidic media.

Great efforts have also been devoted to exploring the earth-abundant electrocatalysts as alternatives to the precious-metal-based catalysts. Zhang et al. have developed singly dispersed Ni sites over the N-doped hollow carbon matrix (HCM\@Ni--N) as an efficient electrocatalyst for the OER ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}h--l).^[@ref94]^ With the embedded isolated Ni sites in a well-defined configuration, significantly boosted catalytic activity is observed. XAFS analyses combined with DFT calculations certify that the effective intramolecular electronic coupling via the Ni--N interactions can lower the Fermi level and thus the adsorption energies of intermediates, leading to greatly facilitated OER kinetics.

Inspired by the natural oxygen evolution center of CaMn~4~O~5~ in chlorophyll, mononuclear manganese embedded in nitrogen-doped graphene (Mn-NG) has been reported for photocatalytic OER.^[@ref95]^ Experimental results confirm that the Mn-NG SACs deliver a remarkable water oxidation activity with a TOF of over 200 s^--1^. This value is very close to the one in the natural catalyst of CaMn~4~O~5~ in photosystem II.^[@ref95]^ The authors believe that the significant improvement in catalytic activity should be related to the unsaturated configuration of the Mn centers. The unsaturated Mn centers could be attacked by the water molecule and form the Mn^iv^-oxo species to evolve O~2~ with low activation energy.

5.3. ORR {#sec5.3}
--------

The electrochemical ORR plays an essential role in fuel cells and other energy technologies.^[@ref96],[@ref97]^ Similar to the OER process, the ORR also involves multistep electron transfer pathways and delivers intrinsically sluggish kinetics. So far, Pt-based electrocatalysts show the best performance for the ORR. Nevertheless, the scarcity and unsustainable supply limit their practical uses in the ORR. This issue can be partly solved by improving the utilization efficiency of Pt species. Carbon-black-supported Pt SACs with carbon monoxide/methanol tolerance have been developed for the ORR.^[@ref98]^ The power density can reach 680 mW cm^--2^ at 80 °C in an acidic single cell. The DFT calculation reveals that the main effective sites should be the pyridinic-nitrogen coordinated Pt centers. Tuning the selectivity of electrochemical reactions by SACs has also been investigated. Sulfur-doped carbon stabilized Pt SACs (Pt/HSC) have been developed and applied for the ORR ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a,b).^[@ref99]^ The developed catalyst selectively produces H~2~O~2~ instead of following the conventional 4-electron pathway to produce H~2~O ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}c). DFT calculations show that the thermodynamic energy cost for the active centers to bind H~2~O~2~ molecules is substantial and thus inhibit H~2~O~2~ decomposition via a peroxide disproportionation reaction and peroxide reduction reaction ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}d).

![(a) Proposed atomistic structure of Pt/HSC. (b) HAADF-STEM image of Pt/HSC. (c) Polarization curves of different catalysts. (d) Proposed ORR mechanism on Pt/HSC. Used with permission from ref ([@ref98]). Copyright 2016 Nature Publishing Group. (e) Schematic illustration for the synthesis and basic structure of the Co\@MCM. (f) Calculated charge density distribution of Co\@MCM. (g) Polarization curves of different catalysts. Used with permission from ref ([@ref100]). Copyright 2018 Royal Society of Chemistry. (h) Polarization curves for different catalysts. (i) Calculated charge density differences of Fe-SAs/NPS-C. (j) Relationship between Bader charge of single-atom iron and ·OH binding energy. (k) Charge--discharge cycling performance of different catalysts. Used with permission from ref ([@ref101]). Copyright 2018 Nature Publishing Group.](oc0c00512_0007){#fig7}

Great efforts have also been devoted to the exploration of non-precious-metal based SACs for the ORR.^[@ref30]^ Zhang et al. have applied a modular strategy for embedding isolated Co centers with a well-defined configuration into a multichannel carbon matrix (Co\@MCM) ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}e).^[@ref100]^ XAFS investigations confirm that the singly dispersed Co sites in Co\@MCM adopt the nearly identical configuration of CoN~4~. DFT calculations indicate that the CoN~4~ centers can significantly accelerate the hydrogenation of O~2~\* species ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}f). Benefiting from the characteristics of isolated Co centers and multichannel substrate, the Co\@MCM electrocatalyst delivers high ORR activity ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}g).

Modulating the electronic structure of the reactive sites is also a highly promising approach for boosting the catalytic performance. Li and colleagues have modified the electronic structure of the isolated Fe centers with coordinated chlorine atoms (FeCl~1~N~4~/CNS).^[@ref101]^ The catalytic performance of the hybrid is greatly improved after the chlorine coordination. Its half-wave potential (*E*~1/2~) is 0.921 V, exceeding that of the catalyst without chlorine coordination (FeN~4~/CN) and commercial Pt/C catalyst in alkaline media. DFT calculations demonstrate that the interaction between chlorine and Fe modulates the electronic structure of the active sites, thus resulting in greatly improved ORR performance.

Due to the remarkable performance in the ORR, many SACs have been explored as the cathode for zinc--air batteries. Chen et al. developed Fe SACs by supporting isolated iron sites on the nitrogen, phosphorus, and sulfur codoped hollow carbon matrix (Fe-SAs/NPS-HC).^[@ref102]^ The coordinated sulfur and phosphorus atoms can effectively adjust the electronic structure of the active centers. The Fe-SAs/NPS-HC catalyst shows an impressive ORR performance to drive the zinc--air batteries, which delivers a maximum power density of 195 mW cm^--2^ at a high current density of 375 mA cm^--2^ ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}h--k). DFT calculations indicate that the impressive efficiency and reaction kinetics of Fe-SAs/NPS-HC should be attributed to the electron donation from the coordinated sulfur and phosphorus atoms to isolated Fe sites, which makes the charge of Fe (Fe^δ+^) less positive thus weakening the binding of adsorbed ·OH species.

6. Outlook and Future Directions {#sec6}
================================

Benefiting from the unique structural and electronic properties of isolated active sites, SACs have provided vast opportunities for a wide variety of catalytic reactions. With the advantages of unsaturated coordination environment and homogeneity of the reactive centers, SACs can be viewed as conceptual bridges between homogeneous catalysts, heterogeneous catalysts, and enzymes. In general, despite the great success achieved, many challenges still exist in the research and practical applications of SACs. Some perspectives, future directions, and possible solutions to address the corresponding challenges are also provided as follows.(1)The loading amount of the metal atoms is typically below 5 wt %, which greatly limits the performances of SACs to meet the requirements in practical industrial applications. Strong metal--support interaction is the prerequisite for the construction of a catalyst with a higher loading amount. Therefore, constructing a strong coordination environment between the isolated metal atoms and supports by increasing the number of anchor sites or anchoring capability in supports is highly desired. The former can be achieved by structural engineering, for example, controlling the size and morphology, and the latter can be realized by tuning the coordination number as well as the type of coordination atoms including both metallic and nonmetallic atoms like C, N, O, P, S, and Cl. Intrinsic defects can also perform as anchor sites for stabilizing the isolated atoms. Besides, machine learning should also be considered for optimizing the molecular and materials modeling, which may provide new guidelines for the efficient construction of SACs with high loading amount.^[@ref103],[@ref104]^(2)Research toward modulating the electronic structure of SACs is still in its early stages. Many catalytic processes are complicated multistep reactions, which means that the single site may fail to activate all intermediates. The electronic coupling between the isolated atoms and coordinated atoms, as well as the related catalytic activation of nonmetallic atoms, should be emphasized. Besides, the construction of dual-metal sites and ultrasmall clusters has a certain potential in optimizing the electronic structure of the real active sites.(3)Elucidating the real active sites in a particular reaction is essential to explore deeper insight into the structure--activity relationship, which is in favor of the rational design of efficient catalysts. It is important to study the reaction intermediates and real-time monitor the dynamic behaviors of both the electronic environment and geometric structure of the active sites by some *operando* characterization techniques, such as X-ray absorption spectroscopy (XAS), X-ray photoelectron spectroscopy (XPS), Fourier-transform infrared spectroscopy (FTIR), Raman spectroscopy, and STEM.(4)The stability issue must be solved to make SACs practically viable. SACs are highly attractive for practical applications due to their inherent activity advantages. However, the stability of SACs is still a big problem mainly due to the possible aggregation and leaching during the catalytic process, especially at high metal loading. Notably, stability on an industrial scale means the catalytic assessments over months or even years. Our current evaluation criterion in hours or days is far from the requirement for real applications. To address this problem, selecting the appropriate metal and suitable supports and improving their interaction are among the most effective strategies. Besides, strengthening the metal--support interaction can also ensure the stability by mitigating the aggregation of isolated reactive centers in the catalytic process. Furthermore, forming diatomic active sites has been suggested to be another effective strategy to enhance the stability. These approaches would be effective for developing excellent catalysts for further industrial applications.(5)Catalytic selectivity is an important industrial parameter. Compared with some particle-/cluster-based catalysts, the catalytic selectivity of the SACs is greatly improved, whereas there is still much room to be explored for improving the catalytic selectivity. Further optimization and uniformization for the coordination sphere are highly demanded. Coordination for some exotic atoms should be excluded in the experimental design stage. Thus, a modular synthetic strategy which can greatly guarantee the coordination geometry of the isolated reactive centers is highly recommended for the construction of SACs. Besides, the calculation of the energy barrier for the formation of a particular product should also be considered to optimize the reaction environment.(6)For the biomedical applications, the long-term biosafety of the SAzymes is one of the crucial issues but still has not been well investigated. In comparison with small biomolecules, SAzymes always have a relatively larger size and higher stability and thus result in longer blood circulation time and some undesirable responses, thus impeding the potential biomedical applications. As a result, it is very important to precisely engineer biocompatible SAzymes and carry out a comprehensive evaluation for the biosafety of SAzymes for the future clinical applications. For example, surface modifications with profuse functional groups can be adopted to further improve the biocompatibility of SACs and diversify their functionalities at the same time for different biomedical uses.(7)Thanks to the uniformly distributed active sites, it is feasible to perform a theory-guided reaction simulation and thus provide us a platform for further understanding the catalytic mechanism. The binding strengths between active centers and reactants/intermediates/products, the reaction pathways, as well as the reaction barriers of some pivotal steps involved in the reaction process should be well investigated. The obtained results undoubtedly provide us some inspirations for understanding the reaction mechanism. To this end, more research efforts should be dedicated to exploring more accurate theoretical models and more effective computational methods.
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